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Summary: In an ongoing research project, discrete steel fibers are being used in a self-compacting 
concrete (SFRSCC) to replace completely steel stirrups for pre-fabricated beams reinforced 
longitudinally with pre-stressed glass fiber reinforced polymer (GFRP) and steel bars. To take the 
advantages of the non-corrodible character and high tensile strength of GFRP bars, the minimum 
SFRSCC cover needs to be determined in order to assure the adequate bond performance between 
these bars and the surrounding SFRSCC. Since bond of the longitudinal bars has a relevant impact on 
the cracking behavior of RC elements (crack opening and crack spacing), an extensive experimental 
program composed of pullout bending tests was carried out where the influence of the following 
parameters was assessed in terms of bond behavior: GFRP bar diameter, surface characteristics of 
the GFRP bars, bond length, SFRSCC cover thickness. The local bond law was derived from inverse 
analysis and it was used to define the slip mode of the constitutive law adopted for interface finite 
elements. These interface finite elements were used to assess the crack opening and crack spacing 
on SFRSCC beams flexurally reinforced with GFRP bars. This paper resumes the experimental 
program, describes the strategy to derive the local bond law and presents and discusses the 
numerical simulations. 
 
 
1 INTRODUCTION 
It was more than two decades that GFRP was introduced in the construction industry as a non-
corrodible material for an alternative to the steel bars, especially in aggressive environments. Due to 
the relative low Young’s modulus, and the linear behavior up to failure, the deflection limits imposed by 
serviceability design limit states and ductility requirements for reinforced concrete structures have 
imposed restrictions on the use of these composite materials. A great deal of effort has been made up 
to now for improving ductility index and serviceability limit (crack width and crack spacing) of FRP 
reinforced concrete structures. In the literature three strategies are being pointed out in this context: 
using hybrid FRP materials [1]; using hybrid steel and FRP [2-4]; and finally using concrete of 
enhanced properties [3-5].  
This study is part of a research project with the main objective of developing a reinforcing system 
composed of pre-stressed GFRP and steel bars for the flexural reinforcement of fiber reinforced 
concrete (FRC) pre-fabricated beams, where discrete fibers are used to eliminate the use of steel 
stirrups. The use of fibers has also the purpose of improving the bond behavior between longitudinal 
bars and surrounding concrete, and enhancing the fire resistance of these structural elements. The 
steel bars would be mounted with lower internal arm in order to have larger FRC cover for higher 
protection against corrosion, while GFRP bars would be placed near the tensile surface in order to 
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have a higher internal arm and, therefore, mobilizing more efficiently their reinforcement capabilities. 
In general, the available bibliography reports that the bond strength of FRP bars is lower than of 
steel bars [6,7]. Furthermore, since there is the aim of increasing the internal arm of the FRP bars, the 
minimum FRC cover that assures the necessary bond requisites should be determined. Despite many 
experimental tests have been carried out for the evaluation of FRC-concrete bond behavior [6-17], it is 
still lack of consensus on the methodology to assess the data that can be used to define reliable local 
bond equations. The curve fitting method is still being used to estimate local bond-slip law parameters 
[6,12-14,17,18]. The common test setup in the literature is the direct pullout test [19]. However, some 
studies used pullout bending test setup and they reported that the beam test may provide more real 
bond behavior due to the elimination of confinement that is observed in case of direct pullout test [6].  
In this study an experimental program composed of pullout bending tests (the test setup is similar 
to that recommended by RILEM [19]) was carried out to obtain the bond-slip constitutive law for 
modeling the interface between GFRP bars and steel fiber reinforced concrete (SFRSCC). The 
influence of bond length, bar diameter and SFRSCC cover thickness in the bond behavior was 
investigated. The derived bond constitutive law was used for modeling the sliding component of 
interface finite elements, and the influence of the FRC-SFRSCC bond performance on the crack width 
of SFRSCC beams flexurally reinforced with GFRP and steel bars was assessed by performing 
material nonlinear analysis with a FEM-based computer program. 
2 EXPERIMENTAL PROGRAM 
The experimental program in this study is composed of two steps. First, a self-compacting concrete 
reinforced with 60 kg/m
3
 of hooked ends steel fibers was developed and its relevant properties were 
determined from experimental tests. In the second step pullout bending tests were executed to derive 
data for the development of constitutive laws capable of modeling the GFRP-SFRSCC bond behavior. 
2.1 Materials 
2.1.1 Steel fiber reinforced self compacting concrete 
The mix is composed of ordinary Portland cement CEM I 42.5 R (412 kg/m
3
), limestone filler (353 
kg/m
3
), fine and coarse river sand (179 and 655 kg/m
3
, respectively), crushed granite gravel aggregate 
(588 kg/m
3
) with maximum size of 12 mm, 1.9% of cement content of super-plasticizer, the 
water/cement ratio of 0.39, and 60 kg/m
3
 hooked ends steel fibers with a length (Lf) and a diameter (df) 
of 33mm and 0.55 mm, respectively (Lf/df=60). For the batches in the specimens’ preparation, slump-
flow tests were executed, and slump flow values in the interval 680 to 720 mm were obtained, without 
occurrence of segregation. Cube and cylinder specimens were casted to assess the SFRSCC 
compressive strength. Cylinders were also used for measuring the SFRSCC Young’s modulus. The 
obtained results included in Table 1 reveal that the mean value of the obtained Young’s modulus is 
about 19% smaller than the value suggested by fib [20] for conventional concrete. This was 
expectable since a higher amount of binder is used in SFRSCC [21, 22]. 
Table 1: Compressive strength and Young’s modulus of SFRSCC 
 fcm1
 
fck
2 Concrete  
Grade 2 
Young’s modulus 
 MPa MPa N/mm2 N/mm2 
SFRSCC 
(CoV) 
63.68 
(5.51%) 
55.68 C50 
30360 3 
(15.48%) 
35959 4 
1 Mean value from 9 cube and 8 cylinder specimens; 2 Based on fib code [20] ; 3 From 4 cylinder specimens; 4 Based on the equation 
provided by fib code, assuming limestone aggregates 
 
For the characterization of the post-cracking behavior of the SFRSCC, three point notched beam 
bending tests were carried out according to the final recommendation of RILEM [23]. The results in 
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terms of force versus both the crack mouth opening displacement (CMOD) and mid span deflection () 
are plotted in figure 2. The -CMOD relationship is represented in figure 3b, as well as the equation 
recommended by RILEM, where it can be concluded that this equation provides a good correlation 
between these entities. Table 2 includes the residual tensile strength parameters for CMOD equal to 
0.5 1.5, 2.5 and 3.5 mm (fR1, fR2, fR3, fR4), the stress at crack initiation (also designated as limit of 
proportionality, LOP) for the 5 tested SFRSCC. The average Force-CMOD curve is plotted in figure 3a 
and the mean valuemean values for the fRi are also indicated. 
 
Figure 2: Force/residual stress versus CMOD and force/residual stress versus  from the experimental tests 
Table 2: Residual flexural tensile strength parameters of SFRSCC 
Specimen 
Identification 
Notched beam geometry 
Residual tensile strength parameters  
LOP 
* 
CMOD1=0.5 CMOD2=1.5 CMOD3=2.5 CMOD4=3.5  
l b hsp fR1 fR2 fR3 fR4 fR3 FL f
 f
ct,L 
mm mm mm MPa MPa MPa MPa fR1 kN MPa 
NB1 500 152 125.2 9.09 8.52 6.80 5.35 0.75 18.47 5.83 
NB2 500 151 125.4 9.24 8.47 6.98 5.79 0.75 15.23 4.81 
NB3 500 151 125.5 8.97 9.00 7.81 6.51 0.87 19.06 6.03 
NB4 500 138 116.3 11.90 11.81 7.23 4.96 0.61 17.90 7.19 
NB5 500 150 112.2 10.45 11.40 6.59 5.23 0.63 18.96 7.53 
Average: 
(CoV): 
   
9.93  
(12.6%) 
9.25 
(14.21%) 
6.97 
(6.61%) 
5.54 
(10.89%) 
0.73 
17.92 
(8.79%) 
6.28 
(17.49%) 
* Limit of proportionality;  
 
To determine the tensile stress-strain (-) and the stress-crack opening (-w) relationships that 
will be used later on the FEM-based simulations of SFRSCC hybrid reinforced beams, two methods 
are followed in this paper based on inverse analysis. The - was obtained by using a cross section 
layer model capable of determining the moment-curvature relationship of a beam’s cross section. In 
this approach, which methodology is exposed elsewhere [24], the - tensile diagram is obtained from 
inverse analysis by fitting with the minimum error the average force-deflection curve recorded in the 
experimental tests. In its turn, the -w is obtained by performing finite element analysis, where 
interface finite elements are localized along the symmetry axis of the notched beam (Figure 4). In this 
approach the -w trilinear diagram that defines the crack opening mode of the constitutive law of the 
interface finite elements is derived from inverse analysis by matching with the minimum error the 
average force-deflection curve of the experimental results [25]. The obtained -w and - diagrams 
are represented in Figure 5a and 5b, respectively. In these figures are also indicated the values that 
define these diagrams, as well as the mode I fracture energy, Gf, derived from the area under the -w 
diagram. Two trilinear diagrams have been presented for -w in Figure 5a Trend 1 was obtained by 
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minimizing an error parameter that is the ratio between the area limited by the experimental and the 
numerical curves and the area underneath the experimental curve, but limiting this analysis up to a 
deflection  of 5.0 mm. In trend 2 the minimization of the error parameter was performed up to 1.0 mm. 
Taking these two trends for modeling the post-cracking behavior of SFRSCC, the numerically obtained 
F- relationships are compared to the experimental curve in Figure 5c. It is evident that trend 2 
matches better the experimental F- up to =1.0 mm (error of 0.10% for trend 2 and 2.79% for trend 
1), while trend 1 fits closer up to =5.0 mm (error of 0.60% for trend 1 and 16.78% for trend 2). Hence, 
trend 1 and its corresponding Gf (7.55 N/mm) may be applicable for the simulations of SFRSCC for 
ultimate limit state conditions, while the tri-linear stress-crack opening diagram shown by trend 2 can 
be adopted for the simulations corresponding to serviceability limit state conditions. According to fib 
Model Code [20] the post-cracking tensile strain can be obtained from the crack with by using the 
concept of a characteristic length, that for the notched beam is the depth of the notched section 
(hsp=125mm). Applying the characteristic length to the -w of Figure 5a (trend 1), the dotted - 
diagram represented in Figure 5b is obtained, which matches quite well the - diagram derived from 
inverse analysis by using the moment-curvature approach [22]. This indicates that the tensile - 
diagram can be obtained by applying the concept of characteristic length proposed by fib Model Code 
to the -w diagram derived from inverse analysis with a FEM-based approach. 
  
Figure 3: The average Force/Stress-CMOD (a) The -CMOD relationship (b) 
  
Figure 4: FEM-based inverse analysis approach to derive the stress-crack width relationship (dimensions in 
mm) 
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Figure 5: Tensile stress-crack width (a) and tensile stress-strain diagrams (b) derived from inverse analysis (c) 
2.1.2 Glass fiber reinforced polymer (GFRP) 
Table 4 includes the properties of GFRP bars of 8 and 12 mm diameter () provided by the 
supplier. The surface treatment of the bars is almost the same apart the rib height that is dependent of 
the bar diameter. According to the supplier the modulus of elasticity (Ef) of both bars is 60 GPa, but 
the tests carried out have provided an mean value of 67 and 71 GPa for 8 and 12 bars, respectively. 
These bars have linear and elastic behavior up to failure.  
 
Table 4: Mechanical properties of GFRP bar 
Bar diameter 
mm 
Surface treatment 
Modulus 
of Elasticity 1 
Tensile  
strength 
Density 
Content  
of glass 
Modulus  
of Elasticity 2 
Rib spacing 
mm 
Rib height 
mm 
N/mm2 MPa  gr/cm3 %  N/mm
2 
8 8.5 0.35-0.5 60,000 ~1,500 2.23 ~75 71,000 
12 8.5 0.5-0.75 60,000 ~1,350 2.23 ~75 67,000 
1 Reported by the manufacturer 
2 Mean value of 5 specimens 
2.2 Pullout bending tests 
A total of 24 pullout bending tests were carried out according to the test setup recommendations of 
RILEM in 1982 for steel bars [19]. The specimen includes two SFRSCC blocks that are connected with 
a steel hinge at top (compression zone) and a GFRP bar is mounted as a flexural reinforcement at 
bottom (Figure 6). Two types of bar diameter, two SFRSCC cover thicknesses (15 and 30 mm) and 
three different bond lengths (5, 10 and 20) were considered the parameters whose influence on 
the bond behavior is intended to be investigated. The slip at loaded and free ends (sl, sf, respectively) 
were measured by using two displacement transducers (LVDT1 and LVDT2, respectively, Figure 6). 
The force applied to the bar was determined from the strain recorded in a strain gauge installed at the 
middle of the bar and taking the Ef and the cross sectional area of the bar, Af. The tests were carried 
out by using a closed-loop servo hydraulic control system with capacity of 200kN. Two slipping test 
control regimes of different slip rate were adopted: 3 μm/sec until 5 mm slip; 5 μm/sec up to the end of 
the test. 
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Figure 6: Pullout bending test setup 
The pullout failure was observed for all specimens with the exception of one specimen reinforced 
with a 8 mm bar diameter and with 20 bond length. For specimens with 15 mm SFRSCC cover and 
12 mm bar diameter a splitting crack was observed along the bond length in the alignment of the bar, 
at the bottom surface of the SFRSCC block. The occurrence of this crack can justify the lower 
maximum bond strength registered in the specimens with the minimum SFRSCC cover thickness. 
However, the crack did not appear for 5 bond length. 
The relationships between the pullout force and the slip at loaded and free ends are represented in 
Figures 7 to 10 for all the tested specimens. The bond strength of both bar diameters was almost the 
same, but it has decreased with the increase of the bond length.  However, it has been reported in the 
literature that the bond strength has a tendency to decrease with the increase of the bar diameter 
[7,13].  
   
Figure 7: Pullout force versus slip for 8 mm bar diameter with 15 mm SFRSCC cover 
   
Figure 8: Pullout force versus slip for 8 mm bar diameter with 30 mm SFRSCC cover 
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Figure 9: Pullout force versus slip for 12 mm bar diameter with 15 SFRSCC cover 
   
Figure 10: Pullout force versus slip for 12 mm bar diameter with 30 SFRSCC cover 
3 NUMERICAL STUDY 
In this chapter the bond tests are simulated numerically by using version 4.0 of FEMIX computer 
program (Azevedo et al., 2003). This program is also used to assess the influence of modeling the 
bond conditions of GFRP bars-surrounding SFRSCC on the maximum crack opening of a SFRSCC 
beam reinforced according to the hybrid concept proposed in the present work. 
3.1. Simulation of the pullout bending tests 
To simulate the bond between GFRP bar and concrete, an interface finite element with a non-linear 
constitutive law is used. Figure 11 shows the specific model for a specimen with 8 mm bar diameter, 
15 mm concrete cover and 5 bond length. The connection between interface element, GFRP bar and 
SFRSCC is also illustrated. The non-linear behavior of interface element is defined according to the 
following equation: 
0
0
0
0( ) m m
m
m m
m
s s s
s
s
s s s s
s
s
s s
s



 

 
 
 

 
   
 

   
 
 
 
 
(1) 
where 0  and 0s  are the bond stress and the corresponding slip at the end of the first linear branch, 
m  and ms  are the bond strength and the corresponding slip respectively, and   and   are 
parameters that define the shape of the pre-peak and post-peak branches. 
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The SFRSCC pullout-beam was discretized by Lagrangian 4-node plane stress finite elements of 
linear and elastic behavior, with Ec=29 GPa and c=0.2, and an integration scheme of 22 was 
adopted. The GFRP bar was simulated by 2D truss elements of 2 nodes, and a linear and elastic 
behavior was assumed, with an integration rule of 2 points. Linear 4-node interface elements with an 
integration scheme of 2 points was applied with a constant normal stiffness of 0.1 MN/mm and a 
tangential stiffness provided by Equation (1) where the parameters were determined from inverse 
analysis, by fitting the pullout force versus loaded end slip  with the minimum error (Figures 12, 13 and 
14). Since a 2D simulation was performed in this study, the interface was applied with a constant 
thickness equals to the perimeter of the bar calculated by means of πdb (db: bar diameter). 
 
Figure 11: Finite element model to simulate pullout bending tests (example for 8 mm bar diameter with 5 
bond length and 15 mm SFRSCC cover (dimensions in mm) 
The values that define the obtained bond slip law are included in Table 5, where it can be 
concluded that the maximum bond strength ( m ) is almost same for both bar diameters. Furthermore, 
by increasing in bond length the maximum bond strength has decreased. 
   
Figure 12: Bond-slip relationships determined from numerical modeling by inverse analysis for the 
specimens reinforced with GFRP bar diameter of: (a) 8 (b) 12 mm 
Table 5: Values that define the bond-slip law determined from numerical simulation of the pullout bending tests 
Specimen configuration Adopted bond slip law 
Bond length 
mm 
Concrete cover 
mm 
Bar diameter 
mm 
0  
MPa 
0s  
mm 
m  
MPa 
ms  
mm 
    
5 15 8 10 0.03 20.5 0.35 0.17 0.23 
10 15 8 10 0.03 16.5 0.50 0.17 0.30 
20 15 8 10 0.03 15.7 0.42 0.18 0.23 
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5 15 12 10 0.03 20.7 0.23 0.17 0.29 
10 15 12 10 0.03 16.5 0.50 0.17 0.30 
20 15 12 10 0.03 15.8 0.85 0.17 0.45 
 
   
Figure 13: Comparison between numerical and experimental results in context of pullout force-slip; 8 bar 
diameter  
   
Figure 14: Comparison between numerical and experimental results in context of pullout force-slip; 12 bar 
diameter  
3.2. Application 
To assess the influence of the GFRP-SFRSCC bond conditions on the maximum crack width of 
SFRSCC beams flexurally reinforced with GFRP and steel bars, a material nonlinear analysis with the 
FEMIX computer program was carried out with the beam represented in Figure 15. The SFRSCC 
beam was discretized by Lagrangian 4-node plane stress finite elements with 22 Gauss Legendre 
integration scheme. The smeared crack model described by Barros et al. [26] was used to simulate 
the crack initiation and propagation in SFRSCC, where the diagram of Figure 5b, obtained from 
inverse analysis, was selected to simulate the crack normal stress versus crack normal strain, with the 
mode I fracture energy indicated in Figure 5a, and adopting for the crack band width a value equal to 
the square root of the area of the integration point (in order to assure mesh objectivity [27]). The total 
shear approach described in [26] was used to simulate the crack shear behavior, and a maximum 
number of 2 cracks per integration point was allowed, with a threshold angle of 30 degrees and the 
principal tensile stress higher than the tensile strength for the criteria to open a new crack. The GFRP 
bar (=12mm) was modeled like in the bond tests, and the steel bar (=12mm) was simulated by 
embedded cable elements of 2 nodes with 2 Gauss-Legendre integration scheme, assuming an 
elasto-plastic behavior with a yield stress of 350 MPa and the elasticity modulus of 200 GPa. Two 
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simulations were carried out assuming for both that steel bar is perfectly bonded to surrounding 
concrete, but the GFRP-SFRSCC conditions are different in these two simulations: i) assuming the 
bond-slip equation (1) with the parameters indicated in Table 5 for the GFRP of 12 mm diameter with 
a bond length of 20 and a SFRSCC cover of 15 mm; ii) perfect bond. 
 
Figure 15: Finite element model for simple supported beam reinforced with GFRP and steel bars 
Figure 16 illustrates two deformed meshes at the last load combination for both simulations; one 
with assuming perfect bond of GFRP-SFRSCC (right side figure) and the second with allowing slip 
between GFRP bar and SFRSCC (left side figure). As shown, the maximum crack width increases 
significantly when GFRP-SFRSCC sliding is simulated. 
 
Figure 16: Deformed mesh at the last load combination: modeling the sliding between GFRP bars and 
surrounding SFRSCC (left figure); assuming perfect bond (right figure) 
The applied load versus mid-span deflection of the beam for two GFRP-SFRSCC bond conditions 
and two percentages of GFRP bars is plotted in figure 17a, where nf is the number of GFRP bars. This 
figure shows that up to a deflection of about the one corresponding to the service limit state (10 mm) 
the bond conditions do not have relevant effect, but above this deflection level the load carrying 
capacity is higher when perfect bond is assumed, and the favorable effect of the bond conditions is as 
pronounced as higher is the number of GFRP bars applied. Figure 17b represents the relationship 
between the maximum tensile stress in the GFRP bar and the maximum crack width at the level of the 
GFRP bar for the two bond conditions and for two distinct percentages of GFRP bars. The crack width 
is obtained by multiplying the crack normal strain in the direction of the beam’s axis by the crack band 
width. It is visible that for a certain maximum tensile stress in the GFRP bars the maximum crack width 
occurred when sliding is allowed. If a maximum crack width of 0.3 mm is imposed this limit is attained 
for lower maximum tensile stress in the GFRP in case of assuming sliding between GFRP bars and 
surrounding SFRSCC. If two GFRP bars of perfect bond are assumed, this limit is never attained. 
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Figure 17: (a) Applied load versus mid-span deflection (b) Tensile stress in GFRP bar versus crack width 
4 CONCLUSIONS 
According to what investigated in this paper, the following conclusion can be drawn: 
- A concrete mix design composed of 60kg/m
3
 steel fibers with using self-compacting method 
was developed in this study and a high-performance steel fiber reinforced concrete was 
attained. Due to the relatively high amount of binder in this type of mix design, the value of 
modulus of elasticity is lower than the value given by fib [20] based on the compressive 
strength of concrete (fcm). 
- Based on inverse analysis, two methods were followed in this study to determine the crack-
opening and tensile stress-strain relationship of SFRSCC in bending. The fitting accuracy of 
both methods of inverse analysis was acceptable and the mode I fracture energy (Gf) was 
approximated well from the area under tensile stress versus crack opening diagram. 
- 15 mm concrete cover thickness is not proper for GFRP of 12mm bar diameter. A splitting 
crack appeared in the specimens for that case. In case of GFRP bar, it is predicted that the 
splitting concrete cover would be occurred when SFRSCC cover less than 2d is used. 
However, this phenomenon may be improved when a higher amount of steel fiber for concrete 
is used; more investigations are suggested in that case. 
- The average maximum bond strength in GFRP bar decreases when the bond length of that bar 
increases. 
-  
- The non-linear interface finite element used in this study shows an acceptable capability to 
predict the interfacial bond behavior between GFRP bar and self-compacting fiber reinforced 
concrete in context of bending behavior. 
- Based on the numerical results, the non-linear interface finite element also shows the impact of 
bond conditions of GFRP bar on the serviceability limit states of beam structure. For purposed 
beam, up to a deflection of about 10 mm, the bond-slip relationship between GFRP bar and 
SFRSCC does not have visible impact, but above this deflection level the load carrying 
capacity is less compared to the model in which perfect bond is assumed. The effect was more 
pronounced when the higher number of GFRP bars applied. 
- The tensile stress of GFRP bar corresponding to crack width limit state of 0.3 mm was lower in 
case of allowing sliding between GFRP and surrounding SFRSCC than assuming perfect 
bond. That means, when sliding in GFRP bar was allowed, the lower tensile stress was 
attained in GFRP bar. This can be improved with increasing the number of bars. 
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